Population genetic theory indicates that a species' standing level of genetic diversity (GD) is explained in large part by the long-term effective population size (N e ). N e depends not only on intrinsic species attributes but also on extrinsic factors such as environmental conditions that limit range sizes and promote or limit gene flow. We explored how various factors associated with N e influence mammalian GD by first reviewing published estimates of mammal microsatellite variation and subsequently considering GD as a function of habitat type, trophic class, body size, range size, and conservation status. Our results indicate that microsatellite GD (i.e., heterozygosity and allelic diversity) is positively correlated with range size in threatened/endangered mammals although no significant effects of habitat, trophic class, or body size were observed. We also show that, on average, mammals have less GD than do birds or fishes.
The processes that underlie genetic diversity (GD) are known to involve a number of intrinsic factors that interact with one another such as body size, metabolic rate, mutation rate, and reproductive output (reviewed in Avise 2004; Hartl and Clark 2007) . For example, metabolic rates are generally slower in larger organisms and this in turn reduces nucleotide substitution rates (Martin and Palumbi 1993) . This variation appears to be important because substitution rates positively correlate with both diversification rates and contemporary species richness (Eo and DeWoody 2010; Lanfear et al. 2010) .
In vertebrates, extrinsic factors such as the extent and continuity of available habitat also influence levels of GD. For example, marine fishes have greater mean heterozygosity (i.e., the proportion of heterozygous individuals) and greater allelic diversity (i.e., the mean number of alleles per locus) than freshwater fishes (Ward et al. 1994 ; DeWoody and Avise 2000; Table 1 ). Similarly, avian species that occupy terrestrial environments have greater mean heterozygosity and allelic diversity than avian species that inhabit aquatic environments (Eo et al. 2011) . Large populations require more extensive habitats than small populations, and empirical data sets on birds and fishes support the idea that gene pools occupying extensive habitats contain more GD than gene pools which occupy more restricted habitats (DeWoody and Avise 2000; Eo et al. 2011) .
Ultimately, the GD in a population is further dictated by the number of breeders, the operational sex ratio, reproductive skew, breeding intervals, and generation length (Melampy and Howe 1977; Crow and Denniston 1988; Frankham et al. 2000) . Many of these factors are considered in the concept of effective population size (N e ) . N e is the size of a theoretical population that would lose GD at the rate of the observed population (Wright 1931; Allendorf and Luikart 2007) . In theory, populations with larger N e have more GD than smaller populations because of reduced inbreeding and reduced genetic drift (Wright 1931; Crow and Kimura 1970; Leffler et al. 2012) .
N e is a function of the census population size (N), but N e is generally smaller than N. Frankham (1995b) surveyed N e /N ratios in 102 species and found that, on average, N e is approximately 10% of N. A more recent study estimated that the mean N e /N ratio for 65 species to be between 0.16 and 0.19 (Palstra and Ruzzante 2008) . The correlation between the 2 measures means that species with historically large census population sizes will tend to have relatively larger effective population sizes and thus harbor more GD than species with historically smaller census sizes. In what ways might a consideration of N and N e predict broad patterns of GD like those seen in freshwater and marine fishes or aquatic and terrestrial birds (Table 1) ? One possibility involves the relationship between GD and trophic class. Because population sizes generally decrease as one ascends the trophic pyramid due to inefficient energy transfer, less GD may be harbored in species that occur at the top of the trophic pyramid (Supporting Information S1). Thus, we might predict that herbivores maintain more GD than omnivores and carnivores.
N e may also influence the relationship between body size and GD. In both birds and mammals, body mass and mean GD are negatively correlated (Wooten and Smith 1985; Eo et al. 2011 ; Table 1 ). Species with large body sizes tend to have both smaller N and N e , potentially explaining the decrease in GD (Frankham 1995a; Eo et al. 2011) . However, the relationship between body size and GD may also be a function of intrinsic factors such as metabolic rate (Martin and Palumbi 1993) .
Additionally, a species' range size may be related to N (and therefore N e ) and a predictor of species GD. Species with extremely small range sizes generally have small N e , likely due to the small extent of habitat (Alò and Turner 2005; Zielinski et al. 2013 ). However, a large range does not always equate to a large N e . For example, sperm whales have worldwide ranges but locally small population sizes (Taylor et al. 2008) . Because range size is correlated with N e , it is likely that species with smaller range sizes harbor less GD compared to species with larger range sizes although this trend may be diminished by wide-ranging species with fragmented populations.
In this study, we aim to consider mammalian GD in light of not only habitat, trophic class, body size, and range size but also conservation status. Although the effects of conservation status and body size on microsatellite heterozygosity has been considered previously (Garner et al. 2005) , allelic diversity was not considered. The latter may be especially important because zygosity is a function of the breeding system, whereas allelic diversity is not (reviewed in Hartl and Clark 2007) . This could be relevant to species of conservation concern where heterozygosity is reduced because of inbreeding associated with small population sizes and allelic diversity is reduced due to drift. Because the capacity for future evolutionary response to environmental change is due in part to contemporary GD, the adaptive ability of a species may be compromised if GD is reduced or lost (Frankham 2005; Markert et al. 2010) . Thus, the conservation of GD is especially critical for the future well-being of threatened and endangered (T&E) species (McNeely et al. 1990; Frankham et al. 2002) .
In this article, we review published microsatellite data in mammals and critically evaluate GD estimates among mammals living in marine, terrestrial, and freshwater environments; GD estimates among species occupying various trophic classes (e.g., herbivore, omnivore, and carnivore); the relationship between GD and mammalian body mass; the relationship between GD and species range size; and GD estimates between T&E species of conservation concern versus those of little or no conservation concern. Our a priori predictions were that GD would correlate with the extent of available habitat such that marine > terrestrial > freshwater; that trophic classes would correlate with GD such that herbivore > omnivore > carnivore; there would be a negative correlation between mammalian body size and GD; there would be a positive relationship between range size and GD; and that species of no conservation concern would harbor more GD than T&E species (least concern > T&E).
Materials and Methods
Microsatellite data collection.-The goal of our literature review was to capture overarching patterns of microsatellite variation. We surveyed the primary published literature for representative studies of mammalian GD, measured using microsatellite DNA, and recorded the number of alleles per locus and heterozygosity per locus for each species (Supporting Information S2). To avoid ascertainment biases (whereby loci that amplify in related species tend to be less polymorphic- Ellegren et al. 1997) , we restricted our review to studies in which the microsatellites were developed specifically for the focal species. Furthermore, we only considered loci that were surveyed in more than 10 individuals (i.e., > 20 chromosomes surveyed). From each study, we recorded single-locus expected heterozygosities (h) reported by the original authors or recalculated h as expected values from published allele frequencies using the formula h f i = − ∑ 1 2 , where f i is the frequency of the ith allele. We assumed Hardy-Weinberg equilibrium (as is the case for most neutral loci) and calculated the mean heterozygosity per species across n loci as H h n = ∑ / . Additionally, the mean number of alleles per locus, per species were tallied as A a n = ∑ / , where a is the number of alleles observed at a locus.
Explanatory variables.-Of those species included in our GD database, we categorized each on the basis of their habitat preferences, trophic class, and conservation status (Supporting Information S2). Habitat preference included terrestrial, freshwater, or marine and was assigned based on the International Union for the Conservation of Nature (IUCN) Red List (IUCN 2013 ) and mammalian species accounts (American Society of Mammalogists 2014). Trophic classifications included carnivore, herbivore, or omnivore and categorical assignments were similarly based on formal IUCN and mammalian species accounts. We also used IUCN to designate each species as T&E or of least concern. Species designated by IUCN as Wooten and Smith (1985) data deficient were not included in either category. Our T&E category consisted of all species designated by IUCN as near threatened, vulnerable, endangered, or critically endangered and our least concern category included all other species. In addition to the categorical variables, we also utilized range size and body mass for each species. We measured range size using species-specific range maps hosted by IUCN (IUCN 2013; Supporting Information S3) that were transformed into the cylindrical equal area projection using ArcMap10 (Environmental Systems Research Institute 2010). We quantified the area using the "addarea" function in the Geospatial Modeling Environment (Beyer 2012) . Adult body mass data (averaged across males and females) were obtained directly from the public database of Smith et al. (2003) .
Statistics.-All analyses were conducted with R software (version 2.15.3-R Development Core Team 2013). Allelic diversity (A), body mass, and range area were log 10 -transformed to meet the assumption of normality. Whereas a Poisson model is a robust option for explaining count data (e.g., A, the number of alleles), particularly when zeros occur in the data set and mean counts are low (O'Hara and Kotze 2010), we log-transformed A because we did not have any zeros in our data set and log-transformation allowed for phylogenetic correction with a generalized least square (PGLS) model (Martins and Hansen 1997) . We transformed heterozygosity (H) by taking the log 10 odds ratio, which describes the odds of obtaining a heterozygote in a population over homozygote. Finally, we log 10 -transformed body mass and range size, again to meet assumptions of a PGLS model.
We incorporated phylogenetic information into our analyses to control for similarities between species that are due to common ancestry (Felsenstein 1985; Burt 1989; Harvey and Pagel 1991) . We used the geiger package to prune mammalian phylogeny created by Bininda-Emonds et al. (2007) to include only the species referenced in this study. We subsequently used PGLS, via the caper package, to test the effects of the following models on H and A assuming Brownian evolution. We initially included all our categorical variables (habitat, trophic class, and conservation status), body mass, and range area in a single model to predict H and A, but these models were overparameterized in that they lacked sufficient degrees of freedom. Thus, we ran 6 mean parameterized models (Kéry 2010) for each of our response variables (log odds heterozygosity and log of the number of alleles) by analyzing the interaction between each of our 3 categorical variables (conservation status, habitat, and trophic class) with range size in 3 different models as well as the interaction of the categorical variables with body mass, again in 3 models. We refer to these models as "Tier 1 models" in our "Results" section. We evaluated significance of these models at an alpha of 0.05 and assessed differences between our categorical variables by comparing the 95% confidence intervals (95% CIs) of the intercepts for each model. Body mass was discarded as a predictor because it was not significant in any model. To further confirm if trends observed in the Tier 1 models with respect to range size were true, we split our data set into groups using the levels from our conservation categorical variables (least conservation concern, T&E) and fit each data set with an intercept and coefficient for range area to effectively investigate the desired relationships while simultaneously avoiding overparameterized models. We refer to these models as "Tier 2 models" in our "Results" section. We determined significant range size coefficients by identifying the 95% CIs that did not overlap zero and assumed an alpha of 0.05.
Results
Our microsatellite data set consisted of 963 loci surveyed in 95 mammalian species ( X = 10.0 loci per species ± SE 0.5). In general, as the number of alleles identified for each species increased, heterozygosity also increased (Fig. 1) . Mean heterozygosity per species (H ± SE) was 0.60 ± 0.01 and ranged from 0.24 to 0.91 ( Fig. 2A) . Mean allelic diversity per species (A ± SE) was 7.0 ± 0.4 and ranged from 2 to 19 (Fig. 2B) . Mean heterozygosity per locus (h ± SE) was 0.59 ± 0.07 (range: 0.01-1; Fig. 2C ). Mean allelic diversity per locus (a ± SE) was 6.6 ± 0.1 (range: 2-32; Fig. 2D ). Fig. 2 shows a right-skewed distribution of H and h and a left-skewed distribution of A and a.
Range size per species ranged from 91.2 to 3.4 × 10 8 (km 2 ). Body mass per species ranged from 5 to 1 × 10 8 g with a mean ± SE of 2.7 × 10 6 ± 4.4 × 10 6 (median: 1 × 10 4 g). Of the 95 mammal species considered in this study, 16 species live in freshwater environments, 26 in marine environments, and 53 in terrestrial environments, whereas 35 species were classified as herbivores, 21 as omnivores, and 39 as carnivores. Regarding conservation status, 53 species were categorized as least concern and 36 were classified as T&E. Six species designated by IUCN as data deficient were not included in either category. Fig. 3 reports the raw H and A data for each categorical variable. Fig. 3D indicates that, when phylogeny is not corrected for, T&E species have fewer alleles than species of least concern. Our Tier 1 models indicate different relationships between H and range size in least concern species (i.e., 95% CIs that did not overlap zero and were negative) when compared to T&E species (Table 2) . However, the CIs of intercepts overlap each other indicating no significant differences in H and A between least concern and T&E species. Additionally, there were no significant differences in H and A between the habitat and trophic class groups, and no relationship when range size was considered ( Table 2 ). The 95% CIs of the relationship between body size and H and body size and A overlapped zero for all habitat, conservation status, and trophic class groupings, meaning that GD was not related to body size (Table 3) . Our Tier 2 models indicate that H and range size are negatively correlated in species of least concern and positively correlated in T&E species (Table 4) . The same statistically significant relationships exist between A and range size (Table 4) .
Discussion
GD in mammals.-We predicted that mammalian GD would be greater in marine species than in terrestrial or freshwater species because of the extent of available habitat, greater in herbivores than in omnivores or carnivores, negatively correlated with body size, positively correlated with range size, and greater in species of least concern than in T&E species. The central argument underlying these predictions is that GD is a function of N e , which is determined in large part by N.
Our 1st prediction was that GD would correspond to the extent and connectivity of available habitat, but this prediction was not supported by the data. We initially argued that GD in marine environments might be greater than in freshwater and terrestrial environments because marine habitats are often less fragmented (thus gene flow is generally high) and because they are large (thus carrying capacity is high and genetic drift is low). This pattern of greater GD in groups with more extensive habitat appears to be the case in fishes (Ward et al. 1994; DeWoody and Avise 2000) and in birds (Eo et al. 2011 ), but the mammalian data presented herein do not support this idea. Our nonsignificant results may reflect biological reality, but we suspect they are an artifact of our simplistic categorization of mammals into environmental realms that serve as proxies for geographic area, given that GD and range area are positively correlated in T&E species.
Our 2nd and 3rd hypotheses were also not supported, in that we did not find significant effects of trophic class or body size on GD. When considering body size, we acknowledged that larger mammals might harbor less GD than smaller mammals because of the more rapid rate of molecular evolution in smaller animals. This was not the case. In hindsight, we note that most evidence for a negative correlation between body size and the rate of molecular evolution is based on nucleotide substitutions (e.g., Martin and Palumbi 1993) . Allelic variation at microsatellite loci is typically the result of insertions or deletions (Tautz 1989 ; DeWoody and Avise 2000), not nucleotide substitutions. Presumably, differences in the underlying molecular mechanisms (e.g., rates of nucleotide turnover versus unequal crossing over) could explain this discrepancy. Unfortunately, we are aware of no comprehensive review of microsatellite mutation rates across body sizes (though see Bulut et al. 2009 ).
The more central argument underlying our 2nd and 3rd hypotheses, however, was that GD was a function of N. We argued that species with greater body masses and carnivorous diets tend to have smaller census population sizes and that this would correspond with smaller effective population sizes and less GD. Although we generally believe this pattern to be true, N e is affected by a variety of factors other than the census population size, including unequal breeding sex ratios, population sizes that fluctuate over time, and differential reproductive success (Melampy and Howe 1977; Crow and Denniston 1988; Frankham et al. 2000) . It is possible that these factors caused N e to vary from N to an extent that statistically significant relationships between trophic class, body mass, and GD could not be found.
Our 4th prediction investigates the role of a species' range size, which is of inherent interest when considering conservation status. GD is expected to be lower in species with small range sizes compared to those with large range sizes (Frankham 2005; Leffler et al. 2012 ), a pattern that was supported in our T&E species. Interestingly, the opposite pattern was seen in our species of least concern. However, the negative correlation between GD and range appears to be driven by just a few marine species with exorbitantly large ranges and relatively few alleles (e.g., Megaptera novaeangliae, humpback whale; Stenella coeruleoalba, striped dolphin; Tursiops truncatus, bottlenose dolphin).
After correcting for phylogenetic effects, we did not find evidence supporting our 5th prediction that T&E mammals of conservation concern would be less genetically diverse than species of least concern. However, we did find that species of least concern had significantly more alleles than T&E species when phylogeny was not corrected for (Fig. 3D ). As such, we see 2 possibilities, one being that the significant difference seen in Fig. 3D is driven largely by phylogenetic effects (i.e., phylogenetic relatedness and conservation status are not independent of one another). It is true that some closely related species included in our analysis are all labeled as T&E (e.g., lemurs) or all labeled as least concern (e.g., mice, rats, and voles). On the whole, however, T&E and least concern species are fairly evenly distributed throughout our phylogeny (Supporting Information S4).
Another possibility is that we lacked power to detect significant differences between least concern and T&E species when phylogeny was accounted for (i.e., the model lacked sufficient degrees of freedom). We suspect this explanation for the following reasons. Species of conservation concern suffer from habitat reduction/destruction, exploitation, pollution, and a variety of other factors that ultimately lead to small population sizes. Small population sizes inherently lead to smaller N e .
A smaller effective population size increases the likelihood that alleles will be lost to genetic drift and heterozygosity reduced via inbreeding, resulting in fitness effects and decreases in GD that subsequently reduce N e (Vandewoestijne et al. 2008 ). This Table 3 .-Phylogenetic generalized least squares regression coefficients as predictors of species-level heterozygosity (log odds H) and allelic diversity (noted as the log of A) using categorical variables and body mass. All evaluated models, run as mean parameterization models, are shown in the table and were modeled for ith species and jth level of conservation status, habitat, or trophic class. Significant relationships (i.e., slopes with 95% CIs that did not overlap within group levels) have been bolded. Full model statistics are also shown (F, d.f., P-value, R 2 ). T&E, threatened and endangered. (Gilpin and Soule 1986; Fagan and Holmes 2006) . A relationship between conservation status and mammalian GD would be consistent with both theoretical expectations and empirical data from other organismal groups (Spielman et al. 2004; Garner et al. 2005; Evans and Sheldon 2008) . GD in mammals compared to other vertebrates.-How does GD in mammals compare to GD in other vertebrate animals? Our study reveals that mammals have less GD than fishes (Table 5) . These results corroborate the results in the study by Neff and Gross (2001) , who found that fishes had more allelic diversity than mammals, reptiles, and amphibians (see also Eo et al. 2011) . Our data also indicate that on average birds have greater GD than mammals, a pattern not observed in prior surveys of vertebrate microsatellites (Neff and Gross 2001; Eo et al. 2011) .
In principle, the reduced GD in mammals relative to other vertebrates could be explained by lower mutation rates or stronger purifying selection in mammals. Mutation rates do indeed differ dramatically across taxa, and across loci within a taxon (Bulut et al. 2009 ), but there are insufficient data to generalize how this variation might influence standing levels of vertebrate GD. Regarding selection, there is no a priori reason to believe that selection reduces mammalian microsatellite diversity disproportionately relative to fishes or birds (e.g., see Doyle et al. 2013 ). In our view, the reduced GD in mammals is more likely a function of reduced gene flow among populations. Mammals have less dispersal capacity than most birds (Sutherland et al. 2000) , and probably many fishes, and the concomitant lack of gene flow translates into far greater genetic differentiation among mammalian populations. This genetic isolation of mammalian populations likely leads to a greater loss of GD via drift and inbreeding compared to other vertebrates.
Our data set, collected from approximately 1,000 mammalian microsatellite loci, indicates that mammals harbor less standing genetic variation than do fishes or birds. This finding likely stems from the reduced population sizes in mammals relative to other taxa, the more highly fragmented habitat occupied by mammals, and their reduced dispersal capacity compared to birds or fishes. Reduced population sizes increase genetic drift and habitat fragmentation impedes gene flow, leading to reduced GD in mammals relative to other vertebrate taxa. Similar findings in taxa with even more limited dispersal capacity, such as amphibians and/or reptiles, would further corroborate this conclusion. Our study provides no support for the idea that habitat associations, body size, or trophic class influence GD in mammals. However, our analyses indicate that T&E species with small range sizes have less GD than species with large range sizes, presumably because of increased drift and inbreeding due to small N e . Future studies might consider whether mechanistic factors that decrease N e (such as differential mating success, unequal sex ratios, or fluctuations in population size from year to year) are associated with GD.
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